The authors exploit two years of data from the CloudSat and CALIPSO satellites to document for the first time the seasonally varying vertical structure of cloudiness throughout Antarctica and the high latitude Southern Ocean. The results provide a baseline "atlas" of Southern Hemisphere high latitude cloudiness for future observational and modeling studies, and they highlight several novel and previously undocumented aspects of Antarctic cloudiness.
Introduction
Understanding the observed distribution of tropospheric clouds over the high latitudes of the Southern Hemisphere is important for a variety of reasons. The space/time distribution of clouds plays a key role in the surface and atmospheric energy budget of polar regions (e.g., Kay et al. 2008 ). An accurate characterization of Antarctic cloudiness is required to test the ability of General Circulation Models to simulate the climate of the Southern Hemisphere polar regions. Understanding the current distribution of high latitude Southern Hemisphere cloudiness is a prerequisite for predicting future changes in Antarctic climate.
However, the seasonally varying vertical structure of cloudiness over the high latitudes of the Southern Hemisphere remains largely unknown. In-situ measurements of clouds are available at only a few locations over Antarctica (e.g., Mahesh et al. 2001; Lachlan-Cope et al. 2001 ) and are largely absent over the Southern Ocean. Space-borne instruments such as the Advanced Very High Resolution Radiometer (AVHRR) provide continent-wide visible and infrared imagery of Antarctica (e.g., Yamanouchi and Kawaguchi 1992; Lubin and Harper 1996; Murata and Yamanouchi 1997; Turner et al. 2001 ), but have difficulty discerning between clouds and the surface over regions of snow and ice, and provide very limited information on the vertical structure of cloudiness. The space-borne Geoscience Laser Altimeter System (GLAS) provided continent-wide imagery of the vertical structure of Antarctic cloudiness, but results based on GLAS over Antarctica were published for only one calendar month (October 2003; Spinhirne et al. 2005) . Space-borne CALIPSO measurements have been used to examine 1) On any given day, the CloudSat and CALIPSO satellites orbit the Earth roughly 14.5 times per day. The gray lines in Figure 1 indicate the resulting distribution of satellite tracks over Antarctica summed over a randomly chosen day.
2) For each satellite track, the approximate cross-track footprint of the CPR is ~1.4 km, the along-track resolution is ~1.7 km, and the vertical sampling is at ~250 m.
Each track can thus be decomposed into a series of volumes that are 1.4 km x 1.7 km in the horizontal and 250 m the vertical. On any given day, the tracks indicated in Figure 1 correspond to upwards of 12,800,000 individual data volumes, all of which are centered at a specific latitude, longitude and vertical level over the high latitudes of the Southern Hemisphere.
3) The Radar-Lidar Geometric Profile Product (2B-Geoprof-lidar, see Stephens et al., 2008 for a review of all CloudSat products) provides estimates of cloud fraction within each 1.4 km x 1.7 km x 250 m volume as a percentage from 0 to 100%. If a given volume has a cloud fraction greater than 50%, we assign that volume a "1"; otherwise, that volume is assigned a "0" (a similar threshold has been used in previous studies, e.g., Walden et al. 2003) . km would thus indicate that during January 2007, a cloud was observed 40% of the time at 6 km within the area spanned by 72ºS-83ºS and 10ºE -130ºE.
For select figures, we also use temperature data from the CloudSat ECMWF Auxiliary Data product, which contains ECMWF forecast data interpolated to the same volumes sampled by the CloudSat cloud profiling radar, and wind data from the NCEP/NCAR Reanalysis Dataset.
Results
The seasonal cycle of cloudiness over the high latitudes of the Southern Hemisphere is presented in two types of figures: longitude/height profiles of cloud incidence averaged over a range of latitudes; and vertical profiles of cloud incidence averaged over select latitude/longitude boxes. We first examine longitude/height profiles of cloud incidence for the three latitude bands indicated in Figure 1 one centered near the surface (below 2 km) and another centered in the upper troposphere (~6-8 km). The lower maximum is consistent with a persistent layer of low stratiform clouds over the high latitude Southern Ocean, and has largest amplitude during autumn and winter; the upper maximum likely reflects clouds associated with extratropical cyclones, and exhibits largest amplitude during winter. In general, there is little east-west structure in cloud incidence over the Southern Ocean. However, cloud incidence exhibits a slight peak near ~130ºE in the upper troposphere during winter, and this peak is coincident with a region of enhanced vertical motion in the wind field. The collocation of the maxima in vertical velocity and cloud incidence lends credence to the reliability of both features. Peninsula. Upper level cloudiness is relatively uniform over the ocean and land areas but peaks notably upwind of the Antarctic Peninsula (i.e., west of ~70ºW). Over most longitudes, upper level cloud incidence is lowest during the summer and highest during winter and spring. Cloud incidence also exhibits a marked bowed structure upwind of the Peninsula during spring (between 100ºW and 50ºW), consistent with enhanced vertical motion in this region. Figure 4 shows cloud incidence for the southernmost band, which covers much of the Antarctic interior (i.e., see Figure 1 ). Cloud incidence over the interior exhibits very different structure than that found over other latitude bands. In general, cloud incidence is lowest during summer and highest during winter. The seasonal cycle is particularly pronounced over the regions of highest terrain (e.g., over western and eastern Antarctica).
The most notable features in cloud incidence over the interior of Antarctica include: a) relatively low cloud incidence over West and East Antarctica during summer; b) a sharp drop-off in cloud incidence near 8 km over much of the continent that is most pronounced during autumn, winter and spring; and c) widespread cloudiness at stratospheric levels during winter and spring, consistent with the seasonality of polar- 1) The existence of two distinct maxima in vertical profiles of cloud incidence over ocean areas (panels a and c) and the summertime minimum in cloud incidence over the Southern Ocean (panel c);
2) The summertime minimum in cloudiness at upper levels over East Antarctica, West Antarctica and the Peninsula region (panels a, b and d);
3) The sharp drop-off in cloud incidence ~8 km over the Antarctic ice sheet (panels b and d; the discontinuity is particularly pronounced during the cold season months over West Antarctica); and 4) The extension of clouds to stratospheric levels during winter over the continental areas (panels a, b, and d). Cloud incidence is characterized not by a secondary maximum at stratospheric levels as inferred from the vertical profiles of individual polar stratospheric clouds (e.g., Solomon 1999), but by monotonically decreasing cloud incidence from the tropopause level to ~20 km.
Discussion
The results in We have focused here on clouds at troposphere levels. But the near monotonic decrease in cloud incidence from upper tropospheric to stratospheric levels over the continent (e.g., Figure 5 ) warrants further mention. The monotonic decrease suggests wintertime cloudiness over the continent does not exhibit a secondary maximum at stratospheric levels, as suggested by vertical profiles of individual polar stratospheric clouds (e.g., Figure 5 in Solomon 1999; Figure 1 in Noel et al. 2008) . Rather it implies that a component of cloudiness at lower stratospheric levels derives from mixing with the troposphere (e.g., Wang et al. 2008) . A similar conclusion is suggested by the vertical profiles of static stability and cloud incidence. For example, the absence of clouds in the lowermost stratosphere over the Southern Ocean is consistent with temperatures higher than the ~200K threshold for PSC formation (Figure 7c ), but it is also consistent with the relatively high values of static stability at the midlatitude tropopause (Figure 6c) .
Similarly, the presence of clouds in the lowermost stratosphere over the continent is consistent with temperatures lower than ~200K (Figures 7a, 7b, 7d ), but it is also consistent with the relatively weak values of static stability at the polar tropopause (Figures 6a, 6b, 6d) . Thus while it is clear that PSC formation depends critically on stratospheric temperatures (e.g., Solomon 1999), the vertical profiles of cloudiness and static stability shown in Figure 7 suggest that cloudiness in the lowermost stratosphere may also be affected by mixing with tropospheric levels. 
